Identification and Cloning of Genes Encoding
. In this way, fragments of MinKrevealed no currents on days 1-14 following injection with cRNA for rMiRP1 (n ϭ 45, data not shown). Morerelated genes were identified on nine expressed sequence tags (ESTs) and three novel genes cloned (Experimental over, cRNA for rMiRP1 had no apparent effect on channels formed by expression of KvLQT1, KCNQ2, Shaker, Procedures). As the gene for MinK is designated KCNE1, the novel genes have been named KCNE2, KCNE3, and fast inactivation-removed (⌬6-46) Shaker, Kv1.3, Kv1.5, Kv1.6, or Kv2.1 subunits (n ϭ 15-39, data not shown). KCNE4 and their nucleotide and predicted protein sequences deposited with the NCBI (Experimental ProConversely, rMiRP1 had significant effects on the properties of channels formed with HERG subunits. cedures). Here, we consider MiRP1, the KCNE2 gene product.
HERG channels open when depolarized to positive voltages that favor outward K ϩ currents. They are described as inwardly rectifying, however, because net MiRP1 Is an Ion Channel Subunit As an EST gene fragment encoding rat MiRP1 (rMiRP1) ion movement through these channels is inward over a depolarization-hyperpolarization cycle when K ϩ condetected an abundant single message in rat heart and centrations on both sides of the membrane are the same skeletal muscle by Northern blot analysis ( Figure 1A ), a (a nonphysiologic condition routinely used for channel cardiac cDNA library was screened and multiple identicharacterization). As seen in recordings performed in cal rMiRP1 clones were isolated (Experimental Procesymmetrical 100 mM KCl solution ( HERG channels in cell-attached patches (n ϭ 5) held at the indicated (D) Peak tail currents by protocol 3; fit as in (C); mean Ϯ SEM for voltages; all points histograms were constructed with 1.3 ϫ 10 5 groups of ten oocytes; peak at Ϫ150 mV for HERG and rMiRP1 ϩ events at each voltage, ‫004ف‬ transitions. Slope conductances were HERG channels was Ϫ8.8 Ϯ 0.5 and Ϫ4.9 Ϯ 0.7 A, respectively. 12.9 Ϯ 2.0 and 8.2 Ϯ 1.4 pS, for HERG and rMiRP1 ϩ HERG channels, (E) Steady-state inactivation by protocol 4 (inset); mean Ϯ SEM for respectively. Filtered at 0.5 kHz. groups of eight oocytes, normalized to peak (-140 mV). (F) Deactivation rates at various voltages by protocol 3; current relaxation was fit with a single exponential (I ϭ Ae , 100 mM KCl solution was initially used to study the influence of rMiRP1 on channel function. HERG channels activate from a closed to open state (C→O) upon depolarization but pass little outward curActivation was found to be altered by rMiRP1 using a protocol that estimates the fraction of channels that rent because they rapidly inactivate (O→I). With repolarization back to negative potentials, channels rapidly releave the closed state at equilibrium after the membrane is stepped to various test potentials (Figures 2A and 2C) . cover from the inactive state to the open state (O←I) and pass K ϩ current until they close (C←O). The time spent Channels containing rMiRP1 required a more positive potential, ‫9ف‬ Ϯ 1 mV (mean Ϯ SEM for ten oocytes), to in the open state during repolarization is significant because step c is fast compared to step d (a transition achieve half-maximal activation (V 1/2 ) when compared to channels formed only with HERG subunits; in contrast, called deactivation). This is why the rate of deactivation has such a strong influence over the magnitude of K ϩ no change in the slope factor was apparent ( Figure 2C ). ); Ϫ1 ϭ 300 ms, I o ϭ Ϫ8 pA, and I ϭ Ϫ20 pA for HERG channels; Ϫ1 ϭ 131 ms, I o ϭ Ϫ10 pA, and I ϭ Ϫ24 pA for channels containing rMiRP1 and HERG subunits. Scale bars, 10 pA and 0.5 s.
This shift in V 1/2 appeared to result from a slower rate voltage sensitive, the rate increase with rMiRP1 was unchanged from Ϫ100 to Ϫ150 mV (data not shown). of activation of channels formed with rMiRP1 ( Figure 2C inset, model step a).
Peak currents were also altered by rMiRP1. The size of whole-cell currents was assessed using a protocol Unitary Conductance and Deactivation of rMiRP1/HERG and Native I Kr that fully activates channels by sustained depolarization and then measures maximal currents at various test Channels Are Similar Single-channel analysis revealed the primary mechapotentials ( Figure 2B ). Mean peak currents were 40% smaller for channels with rMiRP1 compared to those nism by which rMiRP1 decreased peak whole-cell currents ( Figure 2D ). rMiRP1 caused a decrease in unitary formed only with HERG subunits ( Figure 2D ). As shown below, this resulted primarily from altered single-chancurrent of ‫%04ف‬ through open channel complexes (Figures 3A and 3B) . Thus, single HERG channels were found nel current (that is, the number of ions moving through the open channel per unit time) rather than changes in to have a slope conductance of 12.9 Ϯ 2 pS ( Figure  3C ), as previously described (Zou et al., 1997). Channels channel gating. Inactivation (step b) was judged using a steady-state containing rMiRP1 showed a value of 8 Ϯ 1 pS ( Figure  3C ). This is similar to the unitary conductance value protocol (Smith et al., 1996) in which channel inactivation comes to equilibrium at various voltages during a prereported for native I Kr channels in rabbit atrioventricular node cells studied under identical conditions (8.4 pS; pulse so brief that little deactivation can occur; then, the fraction of channels in the inactive state is assessed Shibasaki, 1987). The increased rate of channel deactivation seen when by stepping the voltage to a test potential. Inactivation of HERG channels was the same as those containing channels were formed with rMiRP1 and studied in whole-cell mode ( Figure 2F ) was also apparent at the rMiRP1 with prepulse voltages from Ϫ100 to 30 mV ( Figure 2E ). The current-voltage relationships diverged single-channel level (Figure 4 ). While single HERG channels remained open for many seconds in patches held only at potentials more negative than Ϫ100 mV where differences in deactivation became apparent. Recovery at Ϫ100 mV, as reported previously (Zou et al., 1997), channels formed with rMiRP1 closed rapidly ( Figure 4A ). from inactivation (step c) remained extremely rapid in both channel types.
Ensemble averages of 50-70 traces emphasize the 2.3-fold acceleration of deactivation caused by formation of Deactivation of channels (step d) was markedly altered by rMiRP1. After channels were fully activated channels with rMiRP1 ( Figure 4B ). In this way, channels formed with rMiRP1 were again like native I Kr channels. by a depolarizing step, the speed with which channels returned to the closed state was assessed at various In human and mouse ventricular myocytes, I Kr channels were found to deactivate 2-to 3-fold faster than chantest potentials. rMiRP1 increased the deactivation rate ( Figure 2F) The combined effects of rMiRP1 on activation, deactiand 300 Ϯ 60 nA, while at Ϫ120 mV they were Ϫ2200 Ϯ 100 and vation, and regulation by external K ϩ ion, under these ) and protocol 7 were used (Ϫ120 mV). When blockade was studied in 1 mM Ca 2ϩ , 1 mM KCl solution, channels with wild-type hMiRP1 showed a V 1/2 ϭ Ϫ20 Ϯ 5 mV and slope ϭ 9.2 Ϯ 2, while Q9E-hMiRP1 channels had a V 1/2 ϭ Ϫ12 Ϯ 5 mV and slope ϭ 7.6 Ϯ 1 (n ϭ 7-13 cells). Figure 6B , lane nels formed with hMiRP1 (in oocytes) was the same (8.0 Ϯ 0.7 pS) as that measured for channels with rMiRP1 2). When rMiRP1 and rMinK were mixed in a 1:1 ratio and incubated at 5-fold molar excess with HERG-cmyc, (n ϭ 11 patches, data not shown, as in Figure 3C ). anti-cmyc IP led to strong recovery of rMiRP1, like that seen in the absence of rMinK, while recovery of rMinK hMiRP1/HERG and Native I Kr Channels Exhibit Biphasic Class III Block Kinetics was poor ( Figure 6B, lane 3) Figure 7A ). In marked contrast, channels mental Procedures). As in rat, transcripts were detected in heart and skeletal muscle (data not shown). The huformed with hMiRP1 were significantly inhibited on the first pulse, like native I Kr channels ( Figure 7B ). The fracman cDNA also predicted a protein of 123 amino acids with two N-linked glycosylation sites, a single transtion of unblocked current in the first pulse by 1 M E-4031 was 0.9 Ϯ 0.1 for HERG channels and 0.6 Ϯ 0.2 membrane segment, and two protein kinase C-mediated phosphorylation sites. Alignment of rat and hufor channels formed with MiRP1 and HERG (n ϭ 9 cells). HERG channels in CHO cells reached equilibrium man MiRP1 showed 82% identity and 97% homology ( Figure 1C) . slowly with repetitive pulses ( Figure 7C) ; relaxation was channels were strongly blocked by E-4031 (K i ϭ 8.8 Ϯ 0.8 nM); again, channels formed with hMiRP1 were ‫-2ف‬ fold more sensitive (K i ϭ 4.6 Ϯ 0.6 nM; n ϭ 6 cells 
Q9E-hMiRP1
One of 20 patients with drug-induced arrhythmia had a C to G transversion at nucleotide ϩ25 of hKCNE2, producing a Q9 to E substitution in the putative extracellular domain of hMiRP1. This mutation was not identified in 1010 control individuals. The patient is a 76-year-old African American female with a history of high blood pressure, non-insulin-dependent diabetes, and stroke. Two baseline electrocardiograms showed QT intervals corrected for heart rate that were borderline prolonged (QTc ϭ 460 ms). Echocardiography revealed concentric left ventricular hypertrophy with mild to moderate diffuse hypokinesis but no ventricular dilatation. The patient was admitted to the hospital with pneumonia and 
T8A-hMiRP1
on the surface electrocardiogram as a prolonged QT interval. In 18 out of 1260 individuals screened, an A to G polymorphism at nucleotide ϩ22 produced a T8 to A change Mutant channels formed with M54T-hMiRP1 were like wild type in their steady-state inactivation (data not in the putative extracellular domain of MiRP1. The change was found in 1 patient with quinidine-induced shown). However, this mutant also increased the voltage dependence of activation, in this case by diminishing arrhythmia, 1 with inherited or sporadic arrhythmia, and 16 controls. the activation slope factor without altering V 1/2 ( Figure  8C and Table 1 ). In addition, channels formed with this mutant showed a speeded rate of closing; these chanArrhythmia-Associated hMiRP1 Mutants nels deactivated ‫-3ف‬fold faster than those with wildDecrease K ؉ Flux type hMiRP1 and 6-to 7-fold faster than channels Wild-type hMiRP1/HERG channels and those formed formed by HERG subunits alone ( Figure 8D and Table  with Q9E fewer open channels for a given voltage step; faster 4 mM KCl solution. Mutant channels formed with Q9E-deactivation indicates that mutant channels, if they do hMiRP1 and HERG were like those formed with wildopen, will close more rapidly than wild type. In the heart, type subunits in their steady-state inactivation and rate both these effects would reduce K ϩ current, prolonging of deactivation (Figures 8B and 8D; Table 1 ). However, the cardiac action potential and the QT interval meathis mutant increased the voltage dependence of chansured on an electrocardiogram. nel activation. Thus, Q9E-hMiRP1 channels required de-I57T-hMiRP1 also diminished K ϩ flux through MiRP1/ polarization to more positive potentials to achieve half-HERG channel complexes and will be considered in maximal activation and had a diminished slope factor detail elsewhere. compared to wild type ( Figure 8C and Table 1 ). An inThe T8A-hMiRP1 variant was isolated from 18 of 1260 crease in voltage dependence yields fewer open chanindividuals screened. While channels containing the nels for a given depolarizing step and, therefore, devariant were similar to those with wild-type MiRP1, they creased K ϩ flux. In the heart, diminished K ϩ current is showed decreased voltage dependence for activation, predicted to slow phase 3 repolarization. This lengthens the cardiac action potential duration and is reflected opening more readily upon depolarization ( Figures 8B-8D and Table 1 . However, clarithromycin also caused a 10 mV shift to more positive potentials in the V 1/2 (with no change in slope factor) for both wild-type and Q9E-hMiRP1 channels ( Figure 9C ). At present, the mechanism of clarithromycin inhibition is best described as state dependent. QT interval decrease K ϩ current by increasing the voltsupport the idea that acquired arrhythmia can result age dependence of activation and speeding deactifrom inheritance of a mutant channel subunit that revation. Currents through channels formed with Q9E-duces cardiac repolarization capacity but is well tolerhMiRP1 are further reduced compared to wild type when ated until provocative stimuli further decrease the ability exposed to clarithromycin as they are more sensitive to of the myocardium to repolarize normally. drug blockade (Figure 9) 
Required for Normal Ion Channel Function

